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Abstract : The systematic behaviour of (n, d), (n, t) and (n, 3 He) reaction cross sections 
has been studied around 14 MeV neutron energy. The empirical relations for these reaction cross 
sections have been obtained, which show fairly good fits with the experimental values. The shell 
effects have been established at magic nucleon numbers for (n, d), (n, t) and (n, 3He) reaction 
cross sections at 14 MeV neutron energy. The odd-even effects have also been observed, as the 
cross sections of odd-mass nuclei arc higher than their neighbouring even-even nuclei.
K eyw ord s Cross section, shell effect, odd-even effect, magic number
PACS Nos, 25.40.Fq, 28.20.-v
1. Introduction
A study of the systematics of (n, d), (n, t) and (n, 3He) reactions has been carried out and 
some of the observed trends in reaction cross sections pie described. A survey of the existing 
data [1-20] on the (n, d), (n, t) and (n, 3He) reaction cross sections around 14 MeV neutron 
energy shows that the experimentally reported values for medium and heavy mass nuclei are 
very scarce and even when they exist, they are often contradictory e.g. concrete values have 
been reported, which are in gross disagreement with each other. In a number of cases, only 
one cross section value has been reported for one isotope. These reported values vary from 
few tens o f  microbams to a few millibams. Thus, the neutron induced (n, d), (n, t) and 
(n, 3He) reactions are considered 'rare' due to their small reaction cross section values.Hence, 
the measurements are rather difficult due to the low induced activities. Also, the measured 
cross section values are not available for some elements. For many practical purposes like 
thermonmidear devices, fusion reactors design, such reaction cross sections are needed.
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Theoretical calculations depend  upon the established complicated nuclear models. Therefore, 
it will be worthwhile to analyse systematics of such nuclear reaction cross sections, to 
formulate empirical relations to predict such cross sections when experimental results are not 
available or are not amenable to measurements due to experimental problems.
In the present work, the experimentally reported (n, d) [1-6], (n, t) [6-15] and 
(n, 3He) [6,14-20] reaction cross sections from various laboratories have been reviewed and 
systematic empirical relations have been obtained around 14 MeV neutron energy, which can 
be helpful for estimating unknown cross sections. Also, the shell effects have been observed 
in (n, d), (n, t) and (n, 3He) reaction cross sections at magic nuclconlnumbers mainly at Z or 
N  = 20. 28, 50 and 82. \
2 . F o rm u la tio n  and discussion \
(i) (n , d)  rea c tio n :
The values of (n. d) reaction cross sections for the present investigation have been taken from 
the existing data of Grimes et al [1-3] and IAEA report |6] around 14 MeV neutron energy 
for 22 < Z < 75. For this region, the (n, d) reaction cross sections depend upon Z/A as an 
exponential function of Z/A. The empirical relation for (n, d) reaction cross sections for 
nuclei having Z /A  in the range*0.39 < Z /A  < 0.48 (22 < Z £ 75) is giveh by
<rnd = a exp(b Z/A) (mb), (1)
where a = 1.11407 x l 0 “* and b  = 44.759.
The plot of trn>(i versu s Z /A  is shown in Figure 1(a). A semilog plot of the ratio of 
experimental cross sections to predicted cross sections [above eq. (1)] versus Z /A  is given in 
Figure 1(b), which shows that the predicted cross sections are in good agreement with the
Figure 1(b). Comparison of predicted (n. d) cross 
sections with experimental values.
experimental values within ± 28% whereas experimental errors in these cross sections exist 
from 5 to 40%. There are a few exceptions like *4oZrs) and tPW ioq w*d) larger
(qu
i) p
Trends and establishment o f shell effects etc 363
deviations for w hich the cross sections cannot be predicted by this method with even above 
accuracy, w hich are difficult to explain.
A s there is a large spread in the cross sections o f  crn d versus Z  as shown in Figure 




Figure 1(c). Plot of >d versus Z.
The odd-even nuclei have higher cross sections than even-even nuclei and this odd - 
even  effect is  distinctly marked when neuiron excess is small i.e. for lighter nuclei. Figure 
1(c) o f  tjn d v ersu s  Z  sh ow s m ore clearly the odd-even effects with the exception  o f  the 
isotope 2 2 1 * 2 6  while the other isotope ^ T i#  fo llow s the expected behaviour o f very low  cross 
section being an even-even isotope with m agic neutron number N  = 28. It is interesting that 
the other m easurem ent o f  as depicted in the figure fo llow s the expected  odd-even  
system atics T he c ro ss  sec tio n  o f  odd-even isotope is low er than the neighbouring
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isotopes, as it has magic neutron number. The isotope has' very large experimental 
error and needs no serious consideration though being a magic proton number isotope, while 
other isotopes ^Ni * and jgM % follow distinctly the magic proton number effect The heavier 
isotope 5 s Ce M is a bit off the expected trend but the cross sections for such heavier mirim are 
very small and experimental errors cannot be ruled out.
The shell effects in crn d at magic nucleon numbers Z and N  are shown in Figure 2. 
The shell effect is distinct at Z = 20, 28 and at N  = 28. At nucleon numbers 50 and 82 no 
shell effect is demonstrated due to non-availability of data.
Figure 2. Plot of <Jn j  versus 7  and N (arrows indicate the magic nucleon numbers).
(ii) (n,t)reaction:
The experimental data of (n, t) reaction cross sections at about 14 MeV neutron energy for 12 
2 Z £ 92 have been collected from the literature [6-15]. The selected data were already 
processed by the method of the weighted average [13]. The semilog {dot of the averaged 
cross sections <7„it as a function of proton number (Z) is shown in Figure 3(a) for even-even 
and odd-mass nuclei. The empirical relation Obtained for (n, t) reaction cross sections is given
o„ t = a exp ( - b Z )  (jtbam) (2)
for even-even nuclei having 23 £ Z £ 92,
a = 91.6242 and b  -  0.01312; 
and for odd-mass nuclei having 13 £ Z  S 60, 
a rn 2547.07 and b  = 0.04247.
As depicted in Figure 3(a), ^C ha being doubly magic nucleus and ^ L a e  with magic 
neutron number have small values of cross sections. Tbe crass section of the other odd-mass 
nucleus n 13< is small as it has a  heavy mass and (he cross sections of heavy mam nuclei
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are smaller due to Coulom b barrier and large neutron excess. The odd-even effect is clear 
from  this figure as the cross sections for odd-m ass nuclei are higher than lor their 
neighbouring even-even nuclei. Except for the lightest nuclei the Coulomb barrier is in all 
cases higher than the energy o f  tritons emitted in (n, 0  reactions at 14 MeV, and this energy 
difference seem s to govern dominantly the cross section values. This concept is vcritied by 
the data in Figure 3(a), as the threshold energies o f  (n, t) reactions aie higher lor even-even
3h5
Figure 3(a). Semilog plot of (JnX v e r s u s  l  Figure 3(b). Comparison ot piedu k d (n. u
cross sections with experimental values
nuclei than for odd-m ass nuclei. The (n, t) reaction being one neutron one proton pick-up 
reaction so  the odd-even effects are prominent in case o f (n, 0  reaction cross sections, lhe  
slope for the odd-m ass nuclei is more, hence in the heavy mass region, the cross sections tor 
even-even and odd-m ass nuclei do not differ much. It is noticed that with the increase in Z. 
the difference in the Q -values is very small. The odd-even effects decrease gradually and 
finally disappear. It is seen from Figure 3(b) that the empirical relations give good lits with 
the experimental values within ±25%  except for the few cases as %Zh ^ , Rh % and sVEtjc
whereas experimental errors are about 10-30% .
Figure 4  shows the shell effects in crnt at magic nucleon numbers. The shell effects at 
Z *  20, 28, 82  and N  = 2 0 ,2 8 , 50 are clearly depicted here. At Z = 50 and N  = 82 the trend 
shows one sided minimum due to non-availability o f data points on the right hand side of Z -  
50 and N  =  82.
(Hi) (n,3He)reaction:
The neutron induced (nT 3H e) reaction cross sections around 14 M eV neutron energy are 
review ed [6 ,1 4 -2 0 ] for the isotopes with 13 £  Z £  82. As (n, 3He) cross sections have so  far 
been measured fo r a  very small number o f isotopes, only the available data is depicted here.
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Figure 4 . Plot ol' (7n<l v e r s u s  7  ami N  (airows indicate the magic nucleon numbers)
The dependence o f  (n, 3I ie )  reaction cross sections on proton number Z is show n in H gure  
5(a) by a polynom ial curve o f  degree 5. The empirical relation for th e ,iso top es having 13 < Z 
< 82  is g iven by
a  ,3H e =  a Z 5 -  b Z 4 +  c Z 3 -  d Z 2 -  e Z  +  f  bam ) (3)
where a  =  4 .243  x  1 0 * , b  =  0 .0 0 0 9 0 5 7  
c  =  0 .0 5 9 8 , d  =  0 .30395  
e =  102 .078  and / =  2 7 4 4 .1 2 .
Z -----
Figure 5(0). Plolof ej„. 3Heveraiu Z . Figure 5(b). Comparison of predicted (n, ®Hc) 
doss lections with experiment*] values.
A  senu log {dot o f  <7ejtp/crpred versus Z  is  g iven  in Figure 5(b), which show s that the 
results are consisten t w ith the available m easured data satisfactorily within ±  30% whereas 
experim ental errors are about 10-40% , There are a few  exceptions which cannot be predicted 
by eq. (3 ) w ithin this accuracy e.g. f9Cu, ^ G a, 7353As, ^ R b  and ^ C e .
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Figure 6 . Plot of a n, 3He versus Z and N (arrows indicate the magic nucleon numbers).
The shell effects at Z  =  20  and a tN  = 2 0 ,2 8  are depicted in Figure 6, The shell effects 
at other m agic nucleon numbers cannot be predicted due to lack o f  measured available data in 
this range. There are on ly  a few  dala points for even-even nuclei for cxn, 3H e at 14 M eV , so  
no definite conclusion regarding odd-even effects can be predicted.
3. C onclusion
The m easured data o f  (n, d ), (n, t) and (n, 3H e) reaction cross sections are scarce so the new  
em pirical relations g iven  by eqs. (1) -  (3) are very useful for the quick estim ation o f  the cross 
sections, where the experimental data are not available as w ell as in testing new experim ental 
results. A s the uncertainties in the experim ental values are quite large, it is troublesom e and 
difficu lt to evaluate them  to a higher accuracy. A  com parison o f  the predicted cross sections  
with experim ental values, as show n in Figures 1(b), 3(b) and 5(b) reveals that the agreem ent 
is quite satisfactory. There are a few  exceptions w hich cannot be predicted by these formulae 
even, w ith above accuracy, which are difficult to explain.
T he sh e ll e ffe c ts  in (n, d), (n, t) and (n, 3H e) reaction cross section s have been  
Predicted at m agic  nucleon numbers. In a few  cases the shell effects cannot be predicted due 
to non-availability o f  data points. The odd-even effects have a lso  been observed as the cross 
sections o f  odd-m ass nuclei arc higher than their neighbouring even-even nuclei.
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In the h ea v y  m ass reg ion , the od d -ev en  e ffe c t  is  d ilu ted  sin ce  w ith  the increase  in  Z, 
the d ifference in 0 - values o f  odd-m ass and even -ev en  nu clei gets sm aller  and neutron e x ce ss  
b e c o m es  larger e tc . So , the o d d -even  e ffe c ts  d ecrease gradually and fin a lly  d isappear. T he  
(n, t) reaction is on e  neutron and on e  proton pick-up reaction as com pared to the s in g le  proton 
pick -up  in (n, d) and tw o protons p ick-up  in (n, 3H e) reactions. It seem s to  contribute to  the  
enhan ced  od d -even  e ffec ts  in (n, t) cross sections.
T he prev iou s in v estig a tio n s o f  the (n, t) reaction  cross sec tio n s  as a  fun ction  o f  the 
asym m etry parameter (N -Z ) /A  have been  described b y  several authors [10,211 at 1 4 -1 5  M eV  
w ith ou t sh o w in g  sh ell and o d d -ev en  e ffec ts . D o k m en  and Alasfoy [22] h a v e  sh o w n  trends 
and an em pirical relation  for (n, t) cro ss se c tio n s  around 14 M eV  w ith ou t sh o w in g  sh ell  
e ffec ts . \
T h e  sy stem a tics  o f  (n, d), (n, t) and (n, 3H e) reactions w ith  Z /A  or Z  7.eems m ore  
rea so n a b le  than w ith  ( N - Z )  or ( N -Z ) /A  b eca u se  th ese  arc o n e  or tw o  n u cleo n  p ick -u p  
rea ctio n s. For (n, t) reaction , the sy stem a tics  w ith  neutron e x c e s s  ( N ~ Z )  or asym m etry  
parameter ( V - Z ) M  is  partia lly  ju s tif ie d  b eca u se  (n, t) is  o n e  neutron o n e  proton p ick -up  
reaction , but this sh ou ld  not be valid  for (n, d) and (n, 3H e) reactions.
*
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